Epidermal growth factor receptor (EGFR) has been extensively targeted in the treatment of non -small cell lung cancer, producing responses in a small number of patients. To study the role of ligand expression in mediating response to EGFR antagonism, we injected NCI-H441 [EGFR and EGF/transforming growth factor-A
Introduction
Lung cancer is the leading cause of cancer-related mortality in the United States and throughout the world (1, 2) . At the time of diagnosis of lung cancer, >50% of patients have advanced metastatic disease and the only therapeutic option for these patients is systemic chemotherapy. Unfortunately, the majority of these patients eventually die of their disease (3, 4) . Clearly, new strategies for the therapy of lung cancer are urgently needed. One such strategy has been to target epidermal growth factor receptor (EGFR) signaling. EGFR, a member of the Erb superfamily of tyrosine kinases, plays a crucial role in cell proliferation, survival, angiogenesis, and metastasis (5) . The EGFR signaling pathway is believed to contribute to tumor progression by triggering downstream signaling molecules, such as Akt and mitogen-activated protein kinase (MAPK; refs. 6 -8) . Studies have detected overexpression of EGFR in z80% of non -small cell lung cancer (NSCLC) cases and coexpression of EGFR and its ligand(s) in 38% of NSCLC specimens (9 -12) . The close association between EGFR and EGF/transforming growth factor-a (TGF-a) coexpression in tumor cells and tumor progression, chemotherapy resistance, and poor survival in patients with lung cancer has advanced EGFR as a logical target in therapy for lung cancer (13) .
Investigators have extensively studied small-molecule EGFR tyrosine kinase inhibitors in clinical trials for the treatment of relapsed NSCLC (14 -16) . However, only a small percentage of patients with lung cancer respond to EGFR antagonists given as single agents. For this reason, and because preclinical and clinical data suggest that EGFR expression in tumor cells is not a reliable marker in determining the response of NSCLC to EGFR antagonism (17, 18) , identifying predictive biomarkers of EGFR pathway inhibitor activity is important. Several groups have reported the association of specific mutations in the tyrosine kinase domain of EGFR (19 -22) or a high EGFR gene copy number (23, 24) with sensitivity to tyrosine kinase inhibitors. Because these mutations also occur, albeit at a low frequency, in patients who do not have a response to EGFR inhibitors, the sensitivity of NSCLC to this therapy may be caused by additional mechanisms (25, 26) .
Angiogenesis plays an important role in tumor growth and metastasis (27) , and microvessel density in tumors is an independent prognostic marker in patients with NSCLC (28) . Growth factors secreted by tumor and tumor-associated cells, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor, and EGF/TGF-a, play key roles in angiogenesis. EGF/ TGF-a contributes to tumor angiogenesis (5) and the binding of EGF/TGF-a to EGFR stimulates the expression of VEGF in tumor cells (8, 29) . The inhibition of EGFR signaling can indirectly inhibit angiogenesis by decreased production of VEGF by tumor cells and can in some cases directly target angiogenesis by inducing apoptosis of endothelial cells that express and activate EGFR (30 -32) .
We hypothesized that expression of EGF/TGF-a in tumor cells is important for the activation of EGFR in tumor cells in an autocrine manner and for its expression and activation in tumor-associated endothelial cells in a paracrine manner. Thus, blockade of EGFR signaling could then have potent antivascular and antitumor effects if its ligand is expressed. To test this hypothesis, we studied two human lung adenocarcinoma cell lines, whose growth patterns after injection in the lung have been well characterized in our laboratory (33, 34) , which both express EGFR but differ in their production of EGF/TGF-a. Specifically, we evaluated the association between expression of EGF/TGF-a in human NSCLC cells that express EGFR growing orthotopically in nude mice and the response to the therapeutic antagonism of EGFR signaling with the small molecules gefitinib or AEE788.
Materials and Methods
Cell Culture NCI-H441 human lung adenocarcinoma cells (American Type Culture Collection) were cultured in RPMI 1640 with 10% fetal bovine serum, sodium pyruvate, nonessential amino acids, L-glutamine, 2-fold vitamin solution, and penicillin-streptomycin (Flow Laboratories). PC14-PE6 lung adenocarcinoma cells (35) , a variant of the PC14 human lung adenocarcinoma cell line, were provided by Nagahiro Saijo (National Cancer Research Institute, Tokyo, Japan) and maintained in MEM supplemented with 10% fetal bovine serum, sodium pyruvate, nonessential amino acids, L-glutamine, 2-fold vitamin solution, and penicillin-streptomycin. A mouse lung endothelial cell (MLEC) line was established (36) from transgenic H-2K b -tsA58 mice (CBA/ca Â C57BL/10 hybrid; Charles River Laboratories). MLECs were maintained in DMEM with 10% fetal bovine serum, sodium pyruvate, nonessential amino acids, L-glutamine, vitamin solution, and penicillin-streptomycin. Cells were incubated in a mixture of 5% CO 2 and 95% air at 37jC in an incubator free of Mycoplasma and pathogenic murine viruses (assayed by Microbiological Associates).
Orthotopic LungTumor Models Male athymic nude mice, 6 to 8 weeks old (obtained from the Animal Production Area of the National Cancer Institute at Frederick Cancer Research and Development Center, Frederick, MD), were anesthetized using sodium pentobarbital (50 mg/kg body weight) and placed in the right lateral decubitus position. Logarithmically growing NCI-H441 or PC14-PE6 single-cell suspensions containing 2.5 Â 10 5 or 5 Â 10 5 cells with z90% viability in 50 AL PBS containing 50 Ag of growth factor -reduced Matrigel (BD Biosciences) were injected into the left lateral thorax of the mice at the lateral dorsal axillary line. After the tumor cell injection, the mice were turned to the left lateral decubitus position and observed for 45 to 60 min until they recovered fully. Mice were housed and maintained under specific pathogen-free conditions in accordance with the guidelines of the American Association for Laboratory Animal Care and experiments met all of the current regulations and standards of the U.S. Department of Agriculture, the U.S. Department of Health and Human Services, and the NIH.
Treatment of Orthotopic Human Lung Tumors Gefitinib (AstraZeneca Pharmaceuticals) was dissolved in vehicle containing 1% Tween 80. AEE788 (Novartis Pharmaceuticals) was dissolved in vehicle containing 90% polyethylene glycol 300 and 10% 1-methyl-2-pyrrolidinone. Five days after the implantation of the NCI-H441 or PC14-PE6 tumor cells into their lungs, mice (8 -10 per group) were randomized to treatment with thrice weekly oral administration of 50 mg/kg AEE788 (37) or vehicle control. In a similar but separate study, mice implanted with PC14-PE6 or NCI-H441 lung tumors were randomized to treatment (8 -10 per group) with once daily oral administration of 50 mg/kg of gefitinib or vehicle control. All of the mice were killed and autopsied when control animals became moribund and primary lung tumor weight (total tumor-bearing lung weight minus the normal lung weight of 0.17 g), incidence and volume of pleural effusion, and the presence of metastasis were evaluated.
Reverse Transcription-PCR Analysis Total RNA was isolated using the Trizol reagent kit (Life Technologies) following the manufacturer's protocol. cDNA generated by reverse transcription of the extracted RNA was amplified using PCR. Following an initial incubation at 94jC, each cycle consisted of incubation for 30 s at 94jC, 30 s at 56jC, and 1 min at 72jC. After the final cycle, the samples were incubated for a further 7 min at 72jC and then kept at 4jC before analysis using agarose gel electrophoresis. The primer sequences were as follows: actin forward, 5 ¶-GCACTCTTCCAGCCTTCCTTCCTG-3 ¶; actin reverse, 5 ¶-GGAGTACTTGCGCTCAGGAGGAGC-3 ¶; EGF forward, 5 ¶-AGCCAGCTCTGATCTAATCTGG-3 ¶; EGF reverse, 5 ¶-TTTTGCAAATATGTTCACAGCC-3 ¶; TGF-a forward, 5 ¶-GACGGAGTTCTTGACAGAGT-3 ¶; TGF-a reverse, 5 ¶-CTGGCTGTCCTTATCATCAC-3 ¶.
EGFR Nucleotide Sequence Analysis DNA was extracted from NCI-H441 or PC14-PE6 cells using a PicoPure DNA extraction kit (Arcturus). Exons 18 to 21 of EGFR were amplified, and PCR fragments were sequenced and analyzed (20) . All of the sequences were confirmed using two independent PCR amplifications. The primer sequences were as follows: exon 19 forward, EGFR Gene Copy Number Analysis Glass slides with NCI-H441, PC14-PE6, PC14-PE6/TGFa, and PC14-PE6/Neo in monolayers were fixed with 10% formalin and washed with 2Â SSC buffer (pH 7.0). The gene copy number per cell was determined using fluorescence in situ hybridization with the Vysis LSI EGFR Spectrum Orange/CEP7 Spectrum Green probe (Abbott Laboratories) according to the published protocol. After incubation in 2Â SSC at 75jC for 15 to 25 min, slides were digested with proteinase K [0.25 mg/mL in 2Â SSC (pH 7.0)] at 37jC for 15 to 25 min, rinsed in 2Â SSC at room temperature for 5 min, and dehydrated using ethanol at increasing concentrations (70%, 85%, and 100%). The EGFR/CEP7 probe set was used following the manufacturer's instructions and the hybridization area was covered with a glass coverslip and sealed with rubber cement. The slides were incubated at 80jC for 8 to 10 min for codenaturation of chromosomal and probe DNA and then placed in a humidified chamber at 37jC for 20 h to allow hybridization to occur. Posthybridization washes were done in 1.5 mol/L urea and 0.1Â SSC (pH 7.0 -7.5) at 45jC for 30 min and in 2Â SSC for 2 min at room temperature. After the samples were dehydrated in ethanol as described above, 4 ¶,6 ¶-diamidino-2-phenylindole (0.15 mg/mL in Vectashield mounting medium; Vector Laboratories) was applied for chromatin counterstaining. The slides were examined under a florescence microscope that was equipped with a set of appropriate filters. Signals were scored in at least 200 nonoverlapping intact nuclei. Specimens were considered to be amplified for EGFR when >10% of the cells exhibited either an EGFR to CEP7 ratio of >2 or innumerable tight clusters of signals of the locus probe.
Transfection of the TGF-a Gene into PC14-PE6 Cells Plasmids containing a 925-bp cDNA EcoRI fragment coding the full precursor peptide were transfected into PC14-PE6 cells as described previously (38) . PC14-PE6 cells plated at a density of 4 Â 10 5 per well in six-well plates were transfected and incubated for 16 h with the TGF-a gene using the FuGENE 6 reagent (Roche Molecular Systems) according to the manufacturer's instructions and then washed and fed with fresh DMEM. Selection of cells for resistance to neomycin was initiated 48 h after transfection by adding 800 Ag/mL G418 (Life Technologies) to DMEM, which was replaced every 3 days. Three weeks later, single G418-resistant colonies were transferred to individual wells of 48-well plates. The expression of TGF-a in individual clones was determined using an ELISA.
TGF-A Measurement In vitro Conditioned media was collected from TGF-a -transfected cells grown in medium supplemented with 5% fetal bovine serum for 24 h. The collected media were assayed for the presence of TGF-a using a commercial ELISA kit (R&D System, Inc.) following the manufacturer's protocol.
Western Blotting Cell lysis and Western blotting were described in detail previously (37) . Briefly, total cellular proteins were resolved using 7.5% SDS-PAGE and probed with antibodies against human EGFR (Upstate); MAPK p42/44 (Zymed); human phosphorylated EGFR (Tyr 845 ), phosphorylated MAPK p42/44, Akt, and phosphorylated Akt (Cell Signaling Technology); and h-actin (Sigma Chemical Co.). The protein bands were scanned using a densitometer, and the relative intensities were quantified using the ImageQuant software program (Molecular Dynamics).
Histologic and Immunohistochemical Analysis
Tumor tissue specimens were fixed with formalin, embedded in paraffin or frozen in OCT compound, and then sectioned and stained with H&E. Immunostaining for EGF, TGF-a, EGFR (Zymed), phosphorylated EGFR (Biosource International), VEGF receptor (VEGFR), phosphorylated VEGFR, phosphorylated Akt, phosphorylated MAPK (Cell Signaling Technology), Ki67 (DAKO), and/or CD31/ PECAM-1 (PharMingen) was done using methods and antibodies described previously (37, 39) . Terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling (TUNEL) was done using a commercial apoptosis detection kit (Promega) with modifications (34) . Microvessel density was quantified in 10 random 0.159-mm 2 fields at a magnification of Â100 for each tumor as described previously (34) . Both Ki67-and TUNEL-positive endothelial cells were counted in 10 high-power fields at a magnification of Â200, and the percentages of positive cells were calculated.
Statistical Analysis
The data were analyzed using the m 2 test (for incidence only), Wilcoxon rank sum test, and two-tailed Student's t test (P < 0.05 is defined as the P value for significance).
Results

EGF/TGF-A and EGFR Expression by NCI-H441 and PC14-PE6 Human Lung Adenocarcinoma Cells In vitro
We first examined the expression of EGFR and its ligands in cultured NCI-H441 and PC14-PE6 lung adenocarcinoma cells. Cultured NCI-H441 cells had high levels of EGF/ TGF-a expression and consequently had high expression and activation of EGFR. PC14-PE6 cells expressed EGFR but had low or undetectable levels of EGF/TGF-a and virtually no EGFR activation. There was no discernible difference in the level of total EGFR expression between the two cell lines (Fig. 1A) .
To investigate the interaction between NSCLC cells and lung endothelial cells (MLECs), we examined the expression and activation of EGFR in MLECs cultured with NCI-H441 or PC14-PE6 lung adenocarcinoma cells using a Transwell coculture system (Costar). EGFR was activated in MLECs cocultured with NCI-H441 cells (which had high expression of EGF/TGF-a) but not in PC14-PE6 cells (which had low expression of EGF/TGF-a; Fig. 1B ). 
EGFR and EGF/TGF-A Expression by NCI-H441 and PC14-PE6 Human Lung Adenocarcinomas Growing in the Lungs of Mice
We next characterized the patterns of growth and expression of EGFR and EGF/TGF-a after orthotopic injection of the human adenocarcinoma cell lines NCI-H441 and PC14-PE6 into the lungs of mice. Both cell lines established microscopic lung tumors within 5 days of tumor cell injection. Tumors progressed with similar incidence, durations of host survival, and incidence of ) were injected into the left lobe of the lung. Treatment with AEE788 (50 mg/kg orally thrice weekly) or vehicle control was initiated 5 d after tumor injection. All mice were killed and tumors were harvested 24 (NCI-H441) or 26 (PC14-PE6) days after tumor injection when mice in the control group became moribund. Lung tumor weight was determined by subtracting the normal lung weight (0.17 g) from the weight of the tumorcontaining lung. * P < 0.05, compared with vehicle control according to the m 2 test (for incidence) and Student's two-tailed t test. c P < 0.001, compared with vehicle control according to the m 2 test (for incidence) and Student's two-tailed t test. metastasis to lymph nodes for both cell lines. Lung tumors derived from mice injected with PC14-PE6 or NCI-H441 lung tumors were subjected to immunohistochemical analyses for EGFR and its ligand EGF/TGF-a (Fig. 1C) . EGFR was expressed by both NCI-H441 and PC14-PE6 lung tumors. EGF/TGF-a was markedly overexpressed in NCI-H441 lung tumors, whereas little or no expression of EGF/TGF-a was observed for PC14-PE6 lung tumors. For the NCI-H441 tumors, EGFR was expressed and activated by tumor cells and tumor-associated endothelial cells. In contrast, EGFR was expressed but not activated by tumor cells in PC14-PE6 lung adenocarcinomas and EGFR expression was not observed for tumor-associated endothelial cells for the PC14-PE6 lung tumors (Fig. 1C) . These findings show that EGFR expression by tumor-associated endothelial cells is dependent on the presence of its ligand EGF/TGF-a that is secreted by tumor cells in the local microenvironment and the ligand is necessary for receptor activation by tumor and tumor-associated endothelial cells.
Differential Response of Orthotopic NCI-H441 and PC14-PE6 Human Lung Cancers to Inhibition of EGFR Phosphorylation by AEE788
To study the effects of EGFR antagonism on EGFRpositive lung cancers with varying expression of the EGFR ligand, we treated mice with AEE788 5 days after orthotopic implantation of NCI-H441 (EGFR positive and EGF/TGF-a negative) or PC14-PE6 (EGFR positive and EGF/TGF-a negative) human lung adenocarcinomas. AEE788 is a small molecule that primarily targets EGFR phosphorylation but also has additional reported activity against VEGFR phosphorylation (37) . However, when administered on a thrice-weekly schedule, the drug selectively targets EGFR phosphorylation. Orally administered AEE788 significantly decreased lung tumor burden, incidence of tumors, pleural effusion, and metastasis to lymph nodes of NCI-H441 tumors compared with treatment with the vehicle control (Table 1; Fig. 2 ). In contrast, administration of AEE788 did not significantly affect lung tumor growth and progression for PC14-PE6 lung tumors compared with the control group treated with vehicle alone (Table 1 ; Fig. 2 ). There was minimal toxicity and no difference in body weight between the control and treatment groups.
Lung tumor tissues from the mice bearing NCI-H441 or PC14-PE6 lung adenocarcinomas were obtained after treatment with AEE788 or vehicle control and subjected to immunohistochemical analyses for EGFR and VEGFR expression and activation (Fig. 3) . EGFR was expressed in each of the tumor tissues studied but was only activated in the NCI-H441 tumor treated with vehicle control. The activation of EGFR in NCI-H441 lung tumors was blocked in mice treated with AEE788. Dual immunofluorescence studies for CD31 (endothelial cells) and total or phosphorylated EGFR and VEGFR were completed to characterize endothelial cell expression and activation of EGFR and VEGFR. EGFR was expressed by the tumor cells and tumor-associated endothelial cells for both NCI-H441 and PC14-PE6 tumors. Consequently, activation of EGFR in tumor-associated endothelial cells only occurred in the NCI-H441 tumors treated with vehicle control. The ) were injected into the left lobe of the lung. Treatment with gefitinib (50 mg/kg orally once daily) or vehicle control was initiated 5 days after tumor injection. All mice were killed and tumors were harvested 24 (NCI-H441) or 30 (PC14-PE6) days after tumor injection when mice in the control group became moribund. Lung tumor weight was determined by subtracting the normal lung weight (0.17 g) from the weight of the tumor-containing lung. * P < 0.01, compared with vehicle control according to the m 2 test (for incidence) and Student's two-tailed t test. c P < 0.05, compared with vehicle control according to the m 2 test (for incidence) and Student's two-tailed t test. activation of EGFR in the vasculature of NCI-H441 lung tumors was blocked in mice treated with AEE788. Collectively, these data show that NCI-H441 lung adenocarcinomas are sensitive to treatment with AEE788, whereas PC14-PE6 lung adenocarcinomas are not and that this sensitivity correlates with EGFR activation status and ligand expression.
Differential Response of Orthotopic NCI-H441 and PC14-PE6 Human Lung Cancers to Inhibition of EGFR Phosphorylation by Gefitinib
To further study the effects of EGFR antagonism on EGFR-positive lung cancers with varying expression of the EGFR ligand, we evaluated the therapeutic effects of gefitinib (13), a more highly selective EGFR tyrosine kinase inhibitor, on the growth and spread of NCI-H441 and PC14-PE6 human lung cancer cells within the lung and thorax of mice after orthotopic injection. Gefitinib therapy was highly effective against NCI-H441 (EGFR positive and EGF/TGF-a positive) lung adenocarcinomas but was ineffective against PC14-PE6 (EGFR positive and EGF/ TGF-a negative) lung adenocarcinomas ( Table 2) . Orally administered gefitinib significantly inhibited lung tumor growth and progression and prevented pleural effusion formation by NCI-H441 tumors when compared with treatment with vehicle but had no effect on the growth and progression of PC14-PE6 tumors. For the NCI-H441 tumors, gefitinib treatment was more effective in preventing lung tumor progression within the lung than on the progression of lymph node metastases within the mediastinum. When taken together with the findings for AEE788, these data further show that NCI-H441 lung adenocarcinomas are sensitive to EGFR antagonism, whereas PC14-PE6 lung adenocarcinomas are not and that this sensitivity correlates with EGFR activation status and ligand expression.
Analysis of EGFR Mutations in NCI-H441 and PC14-PE6 Cells and Orthotopic LungTumors
Specific mutations affecting the tyrosine kinase domains of EGFR are associated with sensitivity to small-molecule antagonists of EGFR (21, 22) . To determine whether the differential response of NCI-H441 and PC14-PE6 cells to AEE788 is associated with EGFR mutations, we amplified and sequenced exons 18 to 22 of EGFR, which encode the tyrosine kinase domain, from NCI-H441 or PC14-PE6 genomic DNA. No EGFR mutations were found for either cell line (data not shown). These data indicate that the sensitivity of NCI-H441 lung tumors to the EGFR kinase inhibitors AEE788 and gefitinib is not associated with the previously identified EGFR mutations.
Analysis of EGFR Gene Copy Numbers in NCI-H441 and PC14-PE6 Cells and Orthotopic Lung Tumors EGFR gene copy number can in some cases affect response to EGFR tyrosine kinase inhibition (23, 24) . We performed fluorescence in situ hybridization analyses to determine the EGFR gene copy number in the NCI-H441, PC14-PE6, PC14-PE6/Neo, and PC14-PE6/TGF-a cell lines. All cell lines have trisomy (three copies in >10% of the cells, four or more copies in <10% of the cells) for chromosome 7. Based on EGFR gene copy number, the NCI-H441 cells, but not PC14-PE6 cells, have an amplification of the EGFR gene and exhibited innumerable tight clusters of signals in their nuclei (data not shown).
EGFR Blockade Impairs EGFR Signaling Pathways and Affects Proliferation and Apoptosis of Tumor and Tumor-Associated Endothelial Cells in NCI-H441 Lung Tumors but Not in PC14-PE6 Lung Tumors
To better assess the differential response of NCI-H441 and PC14-PE6 lung tumors to EGFR blockade, we used fluorescence double-labeling techniques to evaluate the effects of treatment with AEE788 on EGFR signaling pathways (Akt and MAPK phosphorylation) and on cell proliferation (Ki67) and apoptosis (TUNEL) for tumor and tumor-associated endothelial cells. MAPK and Akt activation were inhibited in both tumor and tumor-associated endothelial cells in the NCI-H441 tumors but not in the PC14-PE6 tumors (Fig. 4) . Treatment with AEE788 suppressed the proliferation of tumor and tumor-associated endothelial cells for NCI-H441 tumors but not in PC14-PE6 tumors (Table 3 ; Fig. 4) . The percentage of cell nuclei staining positively for Ki67, a marker for cell proliferation, in the NCI-H441 tumors was 48.8% F 4.5% in the control group and only 9.4% F 4.4% in the AEE788 treatment groups. In contrast, there was no significant difference in the tumor cell proliferation rate in the PC14-PE6 tumors (50% F 12.2% in the control group and 46.4% F 5.5% in the AEE788 treatment groups). Treatment with AEE788 significantly increased the rate of apoptosis in both tumor and tumor-associated endothelial cells in NCI-H441 tumors but not in PC14-PE6 tumors as shown by the TUNEL assay and CD31 staining (Table 3 ; Fig. 4 ). There was no evidence of cellular proliferation or apoptosis of the endothelial cells in the adjacent normal lung tissues in any of the groups (Table 3) . Additionally, treatment with AEE788 markedly reduced tumor vascularization, as determined by microvessel density, in NCI-H441 tumors but not in PC14-PE6 tumors (Table 3) . Taken together, these results provide additional support for our hypothesis that activated EGFR in lung tumor and tumorassociated endothelial cells is sensitive to treatment with an EGFR tyrosine kinase inhibitor only when the ligand is expressed.
Activation of EGFR in PC14-PE6 Tumor Cells Transfected withTGF-A To more precisely define the role of EGF/TGF-a in determining the response of lung tumors and the lung tumor vasculature to EGFR antagonism, we transfected the TGF-a gene into PC14-PE6 cells, which have low levels of TGF-a expression. Cells transfected with the empty cDNA vector served as controls. As shown in (Fig. 5A) . Analysis of activated EGFR protein levels by Western Blotting showed an increase in the PC14-PE16/TGF-a cells (data not shown).
We next injected the PC14-PE6/TGF-a or PC14-PE6/Neo cells into the lungs of nude mice. The resulting PC14-PE6/ TGF-a lung tumors expressed higher levels of TGF-a than did the PC14-PE6/Neo lung tumors (Fig. 5B) . The TGF-a levels produced by PC14-PE6/TGF-a tumors were substantially similar to the TGF-a levels observed for NCI-H441 lung tumors. EGFR was expressed by both the PC14-PE6/TGF-a and the PC14-PE6/Neo tumor cells but was only activated in the PC14-PE6/TGF-a tumors. No endothelial activation of EGFR was observed for the PC14-PE6/Neo tumors, whereas EGFR was both expressed and activated in the tumor-associated endothelial cells of the PC14-PE6/TGF-a lung tumors (Fig. 5B) . These data confirm that the expression of the ligand for EGFR results in expression and activation of the receptor for the tumor and vascular components of lung tumors.
TGF-A Transfection of PC14-PE6 Lung Cancer Cells Makes Them Susceptible to EGFR Antagonism in an Orthotopic Lung Tumor Model
We next assessed the effects of TGF-a transfection of PC14-PE6 lung adenocarcinoma cells on their response to inhibition of EGFR activation by treatment with AEE788 after implantation into the lungs on mice. The left lungs of mice were injected with PC14-PE6/TGF-a or PC14-PE6/ Neo lung cancer cells and, after 5 days of tumor growth, mice from each group were randomized to treatment with AEE788 or vehicle control. As for the wild-type cells, there was no effect of AE788 treatment on tumor growth, pleural effusion formation, or lymphatic metastasis for the PC14-PE6/Neo group (Table 4) . In contrast, antagonism of EGFR signaling by AEE788 treatment blocked tumor growth, pleural effusion, and metastasis for the PC14-PE6/TGF-a tumors. These data show that the expression of the EGFR ligand TGF-a causes lung cancer cells to become susceptible to EGFR antagonism in the lung microenvironment. 
Discussion
The effect of autocrine growth mechanisms of EGFR in driving malignant progression has been extensively studied (5). Activation of EGFR depends on the binding of its ligands (EGF and TGF-a) and subsequent dimerization with itself or with other Erb family members (including HER2, HER3, and HER4; ref. 40) . Expression of EGF/ TGF-a by tumor cells is associated with a more aggressive phenotype (41 -43) and the treatment of tumors with antisense TGF-a or anti-TGF-a monoclonal antibodies can inhibit tumor growth in vitro and in vivo (44 -46) . A growing number of reports show that inhibition of EGFR signaling in tumor-associated endothelial cells significantly blocks tumor growth and metastasis, showing the importance of EGFR signaling to tumor vascularization and progression (30, 47) .
In the current study, we found that the response of orthotopically growing human lung adenocarcinomas that express wild-type EGFR to treatment with EGFR tyrosine kinase inhibitors is determined by ligand (EGF/TGF-a) expression by tumor cells and the resultant activation of EGFR in both tumor and tumor-associated endothelial cells. EGFR in tumor-associated endothelial cells was only activated in tumors secreting EGF or TGF-a, such as those formed by NCI-H441 cells or TGF-a -transfected PC14-PE6 cells. Consequently, only these tumors responded to treatment with AEE788 or gefitinib. In vitro, EGFR in lung endothelial cells (MLECs) was activated by coculture with NCI-H441 tumor cells, which have high levels of EGF/ TGF-a expression, but not by coculture with PC14-PE6 cells, which have low levels of EGF/TGF-a expression. These findings suggest that secretion of EGF or TGF-a by tumor cells in the lung microenvironment activates EGFR in tumor cells in an autocrine manner and in tumorassociated endothelial cells in a paracrine manner and thereby plays a crucial role in the response of tumors to EGFR antagonism. Our studies further reveal that antagonism of EGFR in vitro and in vivo significantly suppresses the activation of Akt and MAPK and that this suppression is associated with the inhibition of proliferation, invasion, and metastasis and the induction of apoptosis for tumor and tumor-associated endothelial cells in lung tumors that express EGF/TGF-a. Taken together, our studies provide compelling evidence to support the important role of paracrine activation of EGFR in tumor-associated endothelial cells in lung which then other tumors in mediating response to EGFR kinase inhibitors.
Recent studies suggest that EGFR gene copy number can be associated with response to EGFR agents in a subset of cases (23, 24) . In our studies, NCI-H441 cells were EGFR gene amplified, whereas PC14-PE6 cells were not. Gene amplification did not correlate with enhanced sensitivity to EGFR inhibition in vitro (data not shown). Furthermore, transfection of the gene for TGF-a into PC14-PE6 lung cancer cells did not result in EGFR gene amplification but did make the cells susceptible to EGFR antagonism, showing that EGFR amplification was not necessary for the enhanced sensitivity. Thus, our results suggest that the activation of EGFR in the orthotopic lung tumors and tumor-associated endothelial cells is dependent on expression of EGF/TGF-a which then provided a sensitive target for EGFR kinase inhibition.
Previous investigations identified EGFR mutations, HER2 expression, and Akt activation as predictive markers for response to treatment with EGFR antagonists (20, 22, 48) . Our data suggest that EGFR ligand expression (EGF or TGF-a) by tumor cells is also an important predictor of response to treatment with EGFR antagonists. Recent studies show that head and neck (49) , colon (32) , pancreatic (50), brain (51), prostate (52) , and ovarian (53) tumors that express wild-type EGFR and EGF/TGF-a with activated EGFR in tumor-associated endothelial cells respond to treatment with AEE788 and that expression of TGF-a constitutively drives activation of EGFR in human pancreatic cancer cells and regulates their sensitivity to gefitinib (54) . Thus, screening for both the expression of EGFR and its ligands in tumor cells and tumor-associated endothelial cells could become crucial when designing therapeutic strategies for lung cancers. ) were injected into the left lobe of the lung. Treatment with AEE788 (50 mg/kg orally thrice weekly) or vehicle control was initiated 5 d after tumor injection. All mice were killed and tumors were harvested 30 days after tumor injection when mice in the control group became moribund. Lung tumor weight was determined by subtracting the normal lung weight (0.17 g) from the weight of the tumor-containing lung.
Endothelial cells are usually quiescent in normal tissues but undergo accelerated growth in clinical human lung cancer tumor specimens (55) . This finding was supported and extended by our observation that the actively dividing tumor-associated endothelial cells of lung tumors expressed and activated EGFR and underwent apoptosis in response to treatment with AEE788, whereas the nondividing endothelial cells in tumor-adjacent lung tissues were not affected by AEE788 treatment. These differences between dividing tumor-associated endothelial cells and quiescent endothelial cells in adjacent normal tissue provide an opportunity for selective therapeutic intervention with EGFR inhibitors.
In summary, the secretion of EGF and TGF-a by NSCLC cells is necessary to activate EGFR in tumor and tumorassociated endothelial cells and EGFR signaling in tumorassociated endothelial cells and may well predict the response of human lung cancers to treatment with AEE788, gefitinib, and other EGFR kinase inhibitors. Our data confirm the importance of EGFR signaling for growth, vascularization, and metastasis of human lung cancer and suggest that the inhibition of EGFR signaling pathways in both tumor cells and tumor-associated endothelial cells can have therapeutic benefits. Future studies will seek to expand these findings to additional models of primary and metastatic lung cancer and will provide the basis for clinical studies in lung cancer patients.
